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I. Intnxluclion
llinugh  (lie  s tu d y  o f  c a rb o n  is an o ld  s u b je c t bu t n o w  it c o m es  
vHih .1 n e w  a p p ro a c h  lo  th e  g ra p h ite  m a n u ra c tu re rs . wSynthctic 
m aiuiK icturc o f  g ra p h ite  fro m  o rg a n ic  c o m p o u n d s , h ig h e r  ra n k  
^'tal. coal ta r  p itc h e s  e tc . c a n  be g u e ss ed  in the e a r ly  stages o f  
^ :iih o in /a tio n  f ro m  3 5 ()^ C  to  6 0 ( y t .  T h is  is the liq u id  o r p la s tic
It an sm o n  o r  m e s o p h a s e  d u r in g  w h ic h  la rg e  p la n a r  a ro m a tic  
I'lnlcc Liles b e c o m e  a lig n e d  m  a p a ra lle l a rra y  to fo rm  an o p tic a lly  
iiiisoiropic liq u id  c ry s ta l [ I - 8 ]. In  the in it ia l stages o f  n u c lc a tio n  
nul LM ow ih , th e  m e s o p h a s e  a p p e a rs  as s p h e ru le s  a n d  as 
^ •u h o iu /a lio n  p ro g re s s e s  w ith  in c re a s in g  te m p e ra tu re  and  heat* 
hcMinicnl d u ra t io n , th e  g r o w in g  m e s o p h a s e  s p h e ru le s  c o a le sce  
‘iiul ch an g e  in  s h a p e  in  fo r m in g  p la s t ic  f lo w  p a tte rn s . T h e  
'u iclcation, g ro w th  a n d  c o a le s c e n c e  p rocesses o f  the  m eso p h ase  
tile s  c s ia b l i s h  th e  b a s ic  e le m e n t s  o f  th e  g r a p h i t e  
•b in osiructurc  | 9 - 1 11.
• lie p o te n tia l ro le  o f  h c ie ro a lo m s , such  as N ^ , an d  S in  
‘^ 'iiim ih n g  the c a rb o n iz a t io n  a n d  g ra p h it iz a lio n  o f  co a ls , o rg a n ic  
molecules an d  p o ly m e rs  has  b e e n  a p p re c ia te d  fo r m a n y  ye ars .
c\ TJcsponjifig Author
N o n -c a rb o n  e le m e n ts  such as N -, and  S ha ve  a d e le te rio u s  
in f lu e n c e  on  th e  g r o w th  a n d  c o a le s c e n c e  o f  m e s o p h a s e  
m iLToslru clu re  T h e se  hc tc roaton is  can to rm  in part stable v o la tile  
by p ro d u c ts , thus re d u c in g  the c a rb o n  y ie ld  O n  the o th e r hand , 
the h e te ro a to m s  can a f lc c t  c ro s s -lin k a g e  m  the c o m p o u n d . In  
th is fa s h io n  th e y  w i l l  red u ce  the v a p o u r pressure and cause  
c o k in g  in the liq u id  and e s p e c ia lly  in  the so lid  phase. T h is  e lfc c l  
w il l  in c reas e  the c a rb o n  y ie ld s  112J. T h is  p a p e r d escrib es  the  
stud y  o f  h e te ro a to m  e ffe c t  on c a rb o n iz a t io n  and u ll in ia lc ly  the  
g ra p h it iz a lio n  o f  p o ly n u c le a r  o rg a n ic  c o m p o u n d s .
2. Experimental
2 .1  P r e p a m iio n  o f  sa m p le s
P u re  a n th ra c e n e  and  p h e n a n th rc n c  ( A R  g rad e  9 9 % , h -m e r c k )  
sa m p les  w e re  in t im a te ly  m ix e d  w ith  s u lp h u r in m o le  ra tio s  o f  
S /H  = 1 /1 0 ,  S /H  =  2 / 10 , S /H  =  3 /1 0 , S /H  =  4 /1 0  fo r an thracene and  
S /H  =  1 /1 6 , S /H  =  1/8, S /H  =  1 /4  and S /H  =  3 /8  fu r  ph e n an th rc n c  
re s p e c tiv e ly . C a rb o n iz a t io n  w as  e a rn e d  o u t b y  the s c a le d -lu b e  
te c h n iq u e  [ 13 | and the re s u ltin g  ca rb o n s  w e re  then  e m b e d d e d  
in  c o ld -s e t t in g  m o u n t in g  re s in s  fo r  p o l is h in g . P o lis h in g  
te c h n iq u e  has been  d e s c rib e d  e ls e w h e re  [ 1 4 -1 5 ] ,
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2 .2  D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  ( D T A )  a n d  
T h e r m o g r a v im e tr ic  a n a ly s i s  (T G A )  :
D e ta i ls  o l th e  te c h n iq u e  h a v e  b e en  d e s c r ib e d  e ls e w h e re  f 1 6 ]. A  
S h im a d z u  m ic ro  D T A ,  T G A  s y s te m  m o d e l D T - 3 0  m a n u fa c tu re d  
b y  S h im a d z u  C o rp o ra t io n  K y o to ,  Japan  w e re  used  in the  p res en t 
in v e s tig a t io n . A l l  e x p e r im e n ts  w e re  ru n  at a tm o s p h e r ic  pressure  
an d  in  a c o n tin u o u s  H o w  o f  n itro g e n  gas. T h e  T G A  w as  used  
fo r  q u a n t ita t iv e  a n a ly s is  o f  th e  s a m p le .
2 .3  P o la r iz e d d ig h t  te c h n iq u e  :
T h e  sa m p le  p re p a re d  as in art 2 .1 are  o b s e rv e d  an d  p h o to g ra p h e d  
w ith  a R e ic h e r t  M e ta v e r t  p o la r iz in g  m ic ro s c o p e  e q u ip p e d  w ith  
the 3 5 m m  R e m ic a  I I I  p h o to g n ip h ic  c a m e ra .
2 .4  Ix tten f h e a t  a f f u s io n  :
T h e  la te n t h e a t o f  fu s io n  is c a lc u la te d  f r o m  th e  1 s i e n d o th e rm ic  
p e a k  a re a  o f  the D T A  c u rv e s  1 17 | .  T h e  p e a k  a re a  can  be o b ta in e d  
w ith  a p la n im c te r  o r  b y  w e ig h in g  th e  cu t o u t a re a  o f  th e  c u rv e  
d ra w n  on  tra n s p a re n t p a p e r  1 1 8 |. In  th is  case , the p e a k  a re a  is 
c u t o u t an d  w e ig h e d  in  an  e le c tro n ic  b a la n c e . T h is  w e ig h t  is 
then  c o m p a re d  w ith  th a t o f  p e a k  a re a  o b ta in e d  fo r  a s ta n d a rd  
re fe re n c e  s a m p le  b e n z o ic  a c id .
3. Results and discussion
T h e  re s u lts  o f  th e  D T A  a n d  T G A  b o th  fo r  a n th ra c e n e -s u lp h u r  
an d  p h e n a n th re n e -s u lp h u r  s y s te m  can  be in te rp re te d  as fo llo w s  
In  the D T A  traces (F ig u re s  1 and  2 ) ,  the in itia l e n d o lh e rm s  b eco m e  
n a n o w e r  w ith  th e  a d d it io n  o f  s u lp h u r  in d ic a t in g  th a t i t  is a c t in g  
h e re  as a c a ta ly s t fo r  c ro s s - l in k in g . T h e  la te n t h e a t o f  fu s io n  fo r  
the re s p e c tiv e  m ix tu re s  g ra d u a lly  d e crea ses  w ith  th e  a d d it io n  o f  
s u lp h u r  w h ic h  m e a n s  the  c o n s e q u e n t d e c re a s e  o f  a c t iv a t io n
energy [19] and hence the graphitizing power. Figures 3 and 4 
show the effect of latent heat of fusion.
F ig u r e  2. D T A  iraces o f  phenanthrenc-.sulphur m ixtures in diflci^cni S/H 
ratio.s \
F ig u re  3. 'fh e  latent heal o f fusion decreases w ith  the differcni SMI 
ratios o l anthraccnc 'su lphur m ixtures
F ig u r e  l . D T A  traces o f  a n th racene-su lphur m ixtu res  in d iffe re n t S /H  
ratios
F ig u r e  4 . T h e  la ten t heat o f fusion decreases w ith  the d i l i c r e n i  S/M  
ratios o f  phenanthrene-su lphur m ixtures .
A t  a s u ff ic ie n t ly  h ig h  te m p e ra tu re  th e  a d d it io n  produci iria) 
b e  e x p e c t e d  to  a r o m a t i z e  b y  e l i m i n a t i o n  o f  hydrogen, 
h y d ro c a rb o n s  an d  o th e r  gases , su ch  as H 2S , C S 2. 
e tc .  b y  th e  p ro c e s s  o f  D ie ls - A ld e r  ty p e  re a c tio n . T h e  Dicls 
A ld e r  re a c tio n  i ts e lf  m a y  b e  e x p e c te d  to  fa c il i ta te .
S tu d y  o f  h e te r o a to m  e ffe c t  o n  g ra p h it ic  c a rb o n s  d e r iv e d  f r o m  a n th r a i 'ene e tc
A probable mechanism of catalytic action developing cross- 
linking is presented in such a way that the basic function of 
,ulphur is to generate unsaturated centers, which can initiate 
;hain dehydrogenation, the formation of large condensed 
rather than random isolated ring [20], Figure 5 shows 
ilic cross-linking mechanism.
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b) Formation of a new radical by the Interaction of 
sulphur with a free Hydrocarbon radical
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c) Formation of Cross -  link
h|!iiri‘ 5. C ross-linking  m echuiiisin
T h e  w e ig h t losses o f  the sam p les  sta rted  fro m  the m e ltin g  
te m p e ra tu re  o f  th e  sam p les  an d  c o n tin u e d  u p io  the co alescene  
te m p e ra tu re  by  the e l im in a t io n  o f  h y d ro g e n  and  h y d ro c a rb o n  
gases, such as H jS ,  C O j  an d  a lso  b y  o x id a tio n , d e co m p o s itio n , 
d e s tru c tio n  o f  c ry s ta llin e  la ttic e  etc . F ro m  u th e rm o d y n a m ic  
sta n d p o in t, an in c reas e  in  te m p e ra tu re  tends to m e lt  a so lid  and  
p ro d u c e  a less o rd e re d  sy ste m , w h ile  an increase in  pressure  
tends to  m a in ta in  an o rd e re d  phase. T h is  creates the p o s s ib ility  
th a t an is o tro p ic  liq u id  phase o f  a  c a rb o n iz in g  system  m a y  be 
la v o u r a b ly  t ra n s fo rm e d , u n d e r  p re s s u re , in to  an o p t ic a lly  
an is o tro p ic  liq u id  c ry s ta l. In  the T G A  resu lts , the carb o n  y ie ld  
IS in c reas ed  w ith  the a d d itio n  o f  su lp h u r, w h ic h  is su pported  by  
B la y d e n 's  as su m p tio n  ( 12).
T h e  carbons o b ta in e d  by p y ro ly s is  are re la t iv e ly  so ft, b lack , 
s h in in g  and arc o f  lo w  in ic ro p o ro s iiy  possess g rap h itic  ca rbon , 
w h ile  re la tiv e ly  b a rd , lo w  ap p aren t den s ity , h ig h  in ic ro p o ro s iiy  
possess the n n n -g ra p h it i/ . in g  carbons | 2- 3 ). F ig u re s  8 and 9 
sh o w  p h y s ic a l ap p ea ra n ce  o f  g ra p h it iz in g  and n o n -g ra p h iiiz in g  
carb o n  p ro d u c ed  fro m  an th ra ce n e .
I he in c o rp o ra tio n  o f  s o m e  o f  th e  s u lp h u r in to  the s tru c tu re  
pmluhly arises b e cau se  o f  th e  in te ra c tio n  o f  s u lp h u r w ith  free  
i,ulu.al centres. D u r in g  th e  p ro c ess  o f  d e h y d ro g e n a tio n , h ig h  
..mccniraiion o l Ir e e  ra d ic a ls  w i l l  o c cu r, w h ic h  can  react w ith  
.iiiii'hci h y d ro c a rb o n  ra d ia l to  fo rm  a  c ro s s -lin k
f'suri' 6 t G A  traces o f anthracene-sulphur m ixtures in d ifferent S /H  
1.1) s / l l -o  (b) ,S/H =  l / IO  (c ) S /H  =  2/10 (il) S /H  =  ,V I0
! h,
traces o f  p h en an th ren e -su lp h u r m ixtures in D ifferent S/ 
(a) ,S/H = 0  (b) S /H  1/16 (c ) S/H  = 1/8 (d) .S/H = 1/4.
f ig u r e  8. P h ysica lly  appearing g ra p h itiz in g  carbon produced from  
unihracene at 4.10'C for 4 hours carboai7.ution.
F ig u re  9 . P hysica lly  appearin g  n o n -g ra p h it i/ in g  carbon produced  
from  a n thracene-su lphur m ix tu re  (S /H = 3 /1 0 )  490^'C fo r 4 houis  
carbonization.
T h e  g ra p h itiz in g  n a tu re  o f  ca rbons ha ve  been fo u n d  upto  
the c r it ic a l ra tio  S /H  =  2/10 fo r  a n th ra ce n e  and S /H  -  1/4 fo r
540 J Fodder and T Hossain
p h e n a n ih re n e . F ig u r e  10 s h o w s  ih e  m e s o p h a s e  s p h e ru le s  o f  
a n th ra c e n e -s u lp h u r  m ix tu r e  S /H  =  0  a t 4 6 0 ^ t  fo r  4  h ours .
*, * * *  •
I S^tm I
F ig u re  10, Mesophase spherules o f anthracene-sulphur m ixture (S /H = 0 )  
at 460"C  for 4 hours
F ig u re  11. Ruptured mesophase spherules o f  anthracene-sulphur m ixture  
(S /H = 3 / I0 )  at 4 W C  for 4 hours
F ig u re  12. M esophase spherules o f  phenanthrenc-su lphur m ix tu re  (S / 
H = 0 ) at 53(y*C for 5 hours
R u p tu re d  m e s o p h a s e  s p h e ru le s  f r o m  a n th ra c e n e -s u lp h u r  
m ix tu re s  is s h o w n  in  F ig u re s  11 fo r  S /H  =  3 /1 0  a t 4 9 0 ^ C  fo r  4  
h o u rs  h e a t- t re a tm e n t  d u ra t io n . F o r  p h e n a n th re n e , F ig u re  12 a n d  
13 s h o w  th e  m e s o p h a s e  s p h e ru le s  a n d  m o s t d is to r te d  s p h e ru le s  
fo r  th e  ra tio s  o f  S /H  =  0  a n d  S /H  =  3 /8  a t 530*^C  a n d  560^^C fo r  5  
h o u rs  h e a t t r e a tm e n t  duration.
F ig u re  13. D istorted spherules developed in Phenanthrcne-sulpimr ,j,„ 
S /H -3 /K  at 560'’C  for hours
4. Conclusions
T h e  h e te ro a to m  p la y s  a s ig n if ic a n t  ro le  in  c o n tro llin g  the gmw[h 
o f  g ra p h it ic  c a rb o n , an  a n is o tro p ic  th rc c -d in ie n s io n iil nrdenn: 
s tru c tu re . A s  th e  a m o u n t  o f  s u lp h u r  a d d e d  is increased ik  
te m p e ra tu re  ran g e  o l fu s io n  b e c o m e s  sh o rte r  due  to the VomidHon 
o f  h ig h e r  d e g re e  o f  c ro s s - l in k in g , w h ic h  a lso  p ro h ib it llW deyiu 
o f  g r a p h it iz a t io n .  M o s t  ru p tu r e d  a n d  d is to r te d  aniM )iio|iL  
s tru c tu re s  a re  fo u n d  a b o v e  th e  c r i t ic a l  v a lu e  o f  55/H =- 2/10 h i 
a n th ra c e n e  an d  o f  S /H  =  1 /4  fo r  p h e n a n ih re n e . S o  the pulnn/al 
l ig h t  m ic ro g ra p h y  s h o w s  th e  g ra d u a l d e crea se  in ihc cxicni ni 
o r ie n ta t io n  w ith  in c re a s in g  a m o u n ts  o f  su lp h u r.
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